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ABSTRACT

Phytophthora pathogens secrete a large arsenal of effectors that manipulate host processes to create
an environment conducive to pathogen colonization. However, the underlying mechanisms by which
Phytophthora effectors manipulate host plant cells still remain largely unclear. In this study, we report
that PcAvr3a12, a Phytophthora capsici RXLR effector and a member of the Avr3a effector family, sup-
presses plant immunity by targeting and inhibiting host plant peptidyl-prolyl cis-trans isomerase (PPlase).
Overexpression of PcAvr3a12in Arabidopsis thaliana enhanced plant susceptibility to P. capsici. FKBP15-2,
an endoplasmic reticulum (ER)-localized protein, was identified as a host target of PcAvr3ai12 during early
P. capsici infection. Analyses of A. thaliana T-DNA insertion mutant (fkbp15-2), RNAi, and overexpression
lines consistently showed that FKBP15-2 positively regulates plant immunity in response to Phytophthora
infection. FKBP15-2 possesses PPlase activity essential for its contribution to immunity but is directly sup-
pressed by PcAvr3ai2. Interestingly, we found that FKBP15-2 is involved in ER stress sensing and is
required for ER stress-mediated plant immunity. Taken together, these results suggest that P. capsici de-
ploys an RXLR effector, PcAvr3ai2, to facilitate infection by targeting and suppressing a novel ER-localized
PPlase, FKBP15-2, which is required for ER stress-mediated plant immunity.
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Secreted and transmembrane proteins are translocated into
the ER and are properly folded and modified through a sophis-
ticated ER quality control (ER-QC) system to guarantee their
functionality before being transported to their final destination
(Liu and Howell, 2010). Under abiotic or biotic stress, unfolded
or misfolded proteins often accumulate in the ER lumen,

INTRODUCTION

Plants have evolved multiple complex signal transduction path-
ways that synergistically respond to pathogen threats. These
responses are conferred by a two-layered innate immune system,
consisting of pattern-triggered immunity (PTIl) and effector-

triggered immunity (Jones and Dangl, 2006; Dodds and Rathjen,
2010). These innate immune systems often rely on basic
cellular processes to defend against pathogens, such as the
endoplasmic reticulum (ER) quality control system (Li et al.,
2009) and hormone signaling (Kazan and Lyons, 2014).
However, successful plant pathogens can secrete a plethora of
effectors that interfere with many host cellular processes in
order to establish colonization (Dou and Zhou, 2012; Qiao
et al.,, 2013; Turnbull et al., 2017). Thus, insights into effector
targets and target functions reveal both pathogen infection
mechanisms and novel plant components of immunity.

which results in ER stress. To relieve ER stress and restore
ER homeostasis, ER membrane-localized stress sensors such
as the transcription factor bZIP28 subsequently activate the
unfolded protein response (UPR) (Howell, 2013). The UPR
includes the induction of ER chaperones and foldases, such
as heat-shock proteins (HSPs), protein disulfide isomerases,
and peptidyl-prolyl cis-trans isomerases (PPlases) (Braakman
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and Hebert, 2013), that enhance protein folding in the ER. In
addition, the efficiency of protein translation is attenuated,
global gene expression is inhibited, the capacity of protein
secretion is potentiated, and ER-associated protein degradation
is induced in order to restore ER homeostasis and, hence, func-
tionality (Liu and Howell, 2010). In plants, there are at least two
UPR pathways, which are mediated by IRE1-bZIP60 and
bZIP28, respectively (Kerner et al., 2015). Increasing evidence
suggests that adapting ER folding capacity and UPR
regulation plays an important role in plant immunity. For
example, the pattern-recognition receptor EFR requires the
ER-QC complex SDF2-ERdj3B-BiP for proper processing
(Nekrasov et al., 2009), and the secretion of Arabidopsis
thaliana pathogenesis-related proteins requires HSP AtBiP2
(Wang et al., 2005). Furthermore, the IRE1-bZIP60 branch of
UPR is crucial for inducing systemic acquired resistance (SAR)
against bacterial pathogens and abiotic stress tolerance
(Moreno et al., 2012). Interestingly, in rice the underlying SAR-
mediated priming effect depends on WRKY33, a gene that is
well-known to be involved in salicylic acid (SA)-mediated
defense in A. thaliana (Wakasa et al., 2014). In addition to
supporting the production of plant immunity components, ER
stress can trigger cell death, which can be part of an effective
immune response, but can be also deployed by some
microbes to establish colonization (Qiang et al., 2012; Jing
et al., 2016). Taken together, the ER has a significant effect
on the outcome of plant-pathogen interactions. However, the
molecular mechanisms of how ER-associated or -regulated
processes participate in plant immunity during plant-pathogen
interactions are not well understood.

Plant pathogenic oomycetes, such as Phytophthora infestans,
Phytophthora sojae, and Phytophthora capsici, cause many
destructive crop diseases (Kamoun et al., 2015). They secrete
a large number of effectors to facilitate plant infection. The
first oomycete avirulence effector gene Avrib was obtained
by map-based cloning (Shan et al., 2004). Based on the
sequences of cloned avirulence effectors, a conserved
N-terminal Arg-x-Leu-Arg (RXLR) motif was identified (Rehmany
et al., 2005). This motif plays an important role in enabling
delivery of effectors into host plant cells (Whisson et al., 2007;
Dou et al., 2008; Kale et al., 2010; Wawra et al., 2017). Taking
advantage of genome sequencing, hundreds of putative
RXLR effector genes have been predicted in each sequenced
Phytophthora genome (Tyler et al., 2006; Haas et al., 2009;
Lamour et al, 2012). Their functions and underlying
mechanisms of these effectors have become a central focus
of plant resistance and immunity research. Oomycete RXLR
effectors have been shown to both directly hijack plant
resistance pathways (MclLellan et al., 2013; King et al., 2014;
Du et al., 2015) and utilize plant susceptibility factors (Wang
et al.,, 2015; Boevink et al., 2016; Yang et al., 2016).
Interestingly, several RXLR effectors were found to indirectly
modulate plant immunity by interfering with general host cellular
processes, including ER stress-mediated cell death (Jing et al.,
2016), autophagosome formation (Dagdas et al., 2016), and
RNA silencing (Qiao et al., 2013, 2015).

RXLR effectors are known to be highly diverse, and effector se-
quences rarely overlap with each other across a genus (Jiang
et al., 2008). However, the Avr3a effector family represents an
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exception with various homologs in at least three different
Phytophthora species, i.e., P. infestans, P. sojae, and P. capsici
(Bos, 2007), implying that this family has an important role in
Phytophthora pathogenicity. P. sojae and P. infestans have
relatively narrow host ranges and contain only a few copies
of Avr3a-like effectors. In contrast, P. capsici infects a broad
range of hosts including 45 species of cultivated plants
(Hausbeck and Lamour, 2004), and there are at least 13 genes
homologous to Avr3a in this species (PcAvr3al to PcAvr3ai3)
(Bos, 2007). It was reported that P. infestans effector PiAvr3a
suppresses INF1-triggered cell death by stabilizing CMPG1
(Bos et al., 2010) and inhibits PTI by associating with DRP2
(Chaparro-Garcia et al., 2015). PsAvrib, an Avr3a homolog
from P. sojae, suppresses BAX-triggered cell death (Dou et al.,
2008). However, all 13 Avr3a homologs from P. capsici were
neither recognized by potato resistance protein R3a nor able
to suppress INF1-triggered cell death (Bos, 2007), implying that
they have more specialized roles in P. capsici pathogenicity
(Vega-Arreguin et al., 2014). To date, our understanding of the
pathogenicity of P. capsici and the role of its effectors,
including these PcAvr3a homologs, remains elusive.

We previously reported that P. capsici is a pathogen of
A. thaliana, making it a model oomycete pathosystem (Wang
et al.,, 2013). In this study, we show that P. capsici employs
the effector PcAvr3a12 as an efficient suppressor of immune
response to successfully colonize A. thaliana. Our analyses
revealed that the ER-localized FKBP15-2 protein, a PPlase, is a
direct target of this effector. We show that FKBP15-2 functions
in the regulation of ER stress and plant immunity and demon-
strate how its PPlase activity is modified by PcAvr3ai2.

RESULTS

Overexpression of PcAvr3a12 Enhances Plant
Susceptibility to P. capsici in Arabidopsis

Consistent with a previous study (Bos, 2007), our experiments
showed that PcAvr3al2 could neither be recognized by
resistance protein R3a nor suppress INF1-triggered cell death
(Supplemental Figure 1) as reported for the well-studied
P. infestans effector PiAvr3a, the closest homolog to PcAvr3a12
in P. capsici. Using A. thaliana as a model host of P. capsici
(Wang et al., 2013), we infected the susceptible ecotype
Columbia-0 (Col-0) with the PcAvr3a12-expressing P. capsici
strain LT263. Real-time RT-PCR assays showed that PcAvr3a12
was upregulated during the early stages of infection, with a
maximal expression level at 6 h post inoculation (hpi)
(Figure 1A). To examine the role of PcAvr3ai2 in P. capsici
pathogenicity, we generated and characterized A. thaliana
Col-0 transgenic lines expressing FLAG-PcAvr3a12 (Figure 1D).
Leaves of FLAG-PcAvr3ai2-expressing lines showed larger
water-soaked lesions than the FLAG-GFP-expressing control
line, when inoculated with P. capsici zoospore suspensions
(Figure 1B). RT-PCR analyses were performed (Llorente et al.,
2010; Pan et al.,, 2016) to determine the P. capsici biomass
in these infected leaf areas. Consistent with lesion size,
P. capsici biomass was more abundant on FLAG-PcAvr3ai2-
expressing lines than on the FLAG-GFP-expressing control
lines (Figure 1C). These data indicate that PcAvr3ail2
enhances the susceptibility of A. thaliana plants to P. capsici
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Figure 1. P. capsici RXLR Effector
PcAvr3ai2 Is a Virulence Factor.

(A) Expression of PcAvr3a12 at different stages
of infection was determined by qRT-PCR. Four-
week-old leaves from A. thaliana Col-0 were inoc-
ulated with P. capsici zoospores. Total RNA was
extracted from mycelia and infected leaves at 3, 6,
12,24, 36, 48, and 60 h post inoculation (hpi). The P.
capsici actin gene (gene ID: jgi|Phyca11|132086)
was used as an internal control. Error bars indicate
SD of three biological replicates.

(B) Transgenic A. thaliana lines constitutively ex-
pressing FLAG-PcAvr3a12 showed enhanced
susceptibility to P. capsici infection. Image was
taken at 60 hpi.

(C) The degree of P. capsici colonization at 60 hpi
was determined by qRT-PCR. Primers specific for
o the P. capsici actin gene and the A. thaliana UBC9
gene (gene ID: AT4G27960) were used. Error bars
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S indicate SD of four biological replicates, with at
Q© least eight leaves per replicate. Asterisks indicate
35 significant differences (**P < 0.01).
(D) Immunoblotting (IB) using anti-FLAG antibody
to detect effector protein expression. Two inde-
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pendent transgenic A. thaliana lines expressing
FLAG-PcAvr3a12 and one FLAG-GFP-expressing
A. thaliana line were examined.
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infection when overproduced in plant cells, and thus might
function as a virulence factor.

PcAvr3ai2 Physically Interacts with a Host Protein,
FKBP15-2

To investigate how PcAvr3ai2 attenuates A. thaliana resistance
against P. capsici, we screened a yeast two-hybrid (Y2H)
library created from Phytophthora parasitica-infected A. thaliana
cDNA for PcAvr3a12-interacting proteins. This led to the identifi-
cation of AtFKBP15-2 as a potential target of PcAvr3ai2.
AtFKBP15-2 contains an N-terminal secretion signal, an FKBP
(FK506-binding protein) domain, and a C-terminal ER retention
signal (Figure 2B) (He et al., 2004). Additional Y2H assays were
performed to validate the interaction between PcAvr3ai12 and
AtFKBP15-2. PiAvr3a"', PcAvr3a14 (a PiAvr3a homolog cloned
from P. capsici LT263; Supplemental Figure 2A), AtFKBP15-1
(the closest homolog of AtFKBP15-2 in A. thaliana; Figure 2B
and Supplemental Figure 2B), PcFKBP35 (the best Blast hit
of AtFKBP15-2 in P. capsici; Supplemental Figure 2B), and the
respective empty vectors were used as controls in these
Y2H assays. Yeast strain AH109 co-expressing AtFKBP15-2
(the secretion signal peptide [SP] and ER retention signal of
FKBP15-2 were deleted) and PcAvr3a12 grew on selective me-
dium and yielded a-galactosidase activity, whereas all controls
did not (Figure 2A), confirming the specific interaction between
FKBP15-2 and PcAvr3a12 in yeast. Additionally, exchanges of
AtFKBP15-2 and PcAvr3al2 between the prey plasmid (AD)
and bait plasmid (BD) further confirmed this interaction even
under conditions with higher selection pressure (Figure 2C).

Ponceau: |8
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tion can occur in planta, we carried
out co-immunoprecipitation (ColP) assays.
The p35S::7*myc-PcAvr3a12 construct
was co-transformed with either p35S::SP-GFP-FKBP15-
2-NDEL (GFP was fused with FKBP15-2 downstream of its
SP), p35S::FLAG-GFP, or the empty vector in Nicotiana
benthamiana leaves through agroinfiltration. Total proteins
were extracted from infiltrated leaves and were immuno-
precipitated with GFP-Trap agarose beads. Immunoblotting
experiments showed that, although 7*myc-PcAvr3al2 was
equally expressed in all leaves, it was co-immunoprecipitated
in SP-GFP-FKBP15-2-NDEL-expressing samples, but not in
the FLAG-GFP or empty vector samples (Figure 2D and
Supplemental Figure 3A). In similar experiments, FLAG-
IP assays also showed that SP-directed GFP-FKBP15-
2-NDEL was enriched with FLAG-PcAvr3ai12, but not with
FLAG-PiAvr3aX!, although all proteins were detected in the
input fractions (Supplemental Figure 3B and 3C). These
results indicate that PcAvr3a12 associates with FKBP15-2 in
planta.

Expression of FKBP15-2 Is Upregulated at the Early
Stages of Phytophthora Infection

To characterize the expression pattern of FKBP15-2 during P.
capsici infection, we measured its relative transcription levels at
0, 3, 6, 12, 24, 36, 48, and 60 hpi by RT-PCR. As observed
for PcAvr3a12 (Figure 1A), FKBP15-2 was upregulated in Col-0
during the early stages of P. capsici LT263 infection, reaching
the highest expression level at 6 hpi (Figure 3A). Consistent
with this, FKBP15-2 transcripts were also upregulated at early
infection stages in A. thaliana (Col-0) roots inoculated with
P. parasitica Pp016 zoospores (Figure 3B).
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Figure 2. Identification of the Host Protein

AD-AAtFKBP15-2 X H AtFKBP15-2 Interaction with P. capsici
BD-PcAvr3a12 . . RXLR Effector PcAvr3ai2.
W T (A) Y2H assays showing that PcAvr3a12 specif-
/gg-AAtFKBP15-2X ' . ically interacts with AtFKBP15-2. Approximately
s 10° cells of yeast strain AH109 co-expressing the
AD-AAtFKBP15-2 X . . empty bait vector (BD) or a bait vector containing
BD-PiAvr3a®t 5 i PcAvr3ai2, PiAvr3aK', or PcAvr3a14 and the empty
AD-AAtFKBP15-2 X prey vector (AD) or a prey vector containing
BD-PcAvr3al4 . . AtFKBP15-2, AtFKBP15-1, or PcFKBP35 were
o BRI grown on auxotrophic media (SD/-Leu-Trp) (left
BD-PcAvr3al2 . ‘ panel). Only yeast cells co-expressing PcAvr3a12
S and AtFKBP15-2 grew on auxotrophic media
AD- AAtFKBP15-1 X . (SD/-Leu-Trp-His) (middle panel) and yielded
BDsFcAvisals . . . ) a-galactosidase (a-Gal) activity (right panel).
AD-PcFKBP35 X - AAtFKBP15-2 and AAtFKBP15-1 represent spe-
BD-PcAvr3a12 ’ h cific protein constructs in which the SP and the
- potential ER retention signal, respectively, were
sDiteu-lip:  SDiteucliptisseomM SAT B-Galassay deleted. Three independent experiments showed
B D Z'myc-PoAvr3at2 i A consistent results.

1 26 g 163 Empty Vector ) B (B) Domain architectures of AtFKBP15-2 and

>R Noe . FLAGGFP 5 AFKBP15-1. o
__ SP-GFP-FKBP15-2-NDEL " kD (C) The bait/prey swap expenment.s. in Y2H assays
| 35 confirmed that PcAvr3a12 specifically interacts
1 25 48 153 [Bimyc |- — with AtFKBP15-2. Yeast cells co-expressing
SP_Dwmm{ FKBP domain __|KNEL 25 pcAvr3a12 and FKBP15-2 grew on auxotrophic
— Input W40 media (SD/-Leu-Trp-His-Ade), whereas the control
IB: GFP —35 pairs did not. Three independent experiments

c - |25 showed consistent results.
(D) Co-immunoprecipitation assays showing
AD-PcAvr3al2 Ponceau : _ that PcAvr3al12 interacts with AtFKBP15-2 in
X BD 35 planta. Total native protein extracts (Input) from
IB: myc — agroinfiltrated leaves expressing the indicated
AD-PcAvr3at2 X . proteins were precipitated with GFP-Trap agarose
BLSAMEKER] 52 0 beads (IP: GFP), separated on SDS-PAGE
IP: GFP ; ifi ibodi

IB: GFP —35 gels, and blotted with specific antibodies.
Sg-zAtFKBPw-z ' For the input fraction a similar amount of
= 2 7*myc-PcAvr3al2 and SP-GFP-FKBP15-2 was
SD/-Leu-Trp SD/-Leu-Trp-His-Ade Ponceau : _l used. In immunoprecipitation fractions, 7*myc-

PcAvr3a12 was detected in a complex with
SP-GFP-FKBP15-2-NDEL but not with FLAG-

GFP, and no 7*myc-PcAvr3al12 was detected in the immunoprecipitate from the empty vector sample. Protein size markers are indicated in kDa,
and protein loading is indicated by Ponceau staining. The experiments were repeated twice with similar results.

To further characterize the expression profile of FKBP15-2,
we cloned a 1097-bp promoter fragment of FKBP15-2 (—1097
to —1 bp) from genomic DNA to drive the expression of
the GUS gene. This promoter was predicted using the online bio-
informatics tool Arabidopsis cis-regulatory element database
(http://arabidopsis.med.ohio-state.edu/AtcisDB). Stable trans-
genic A. thaliana (Col-0) lines carrying the reporter construct
pFKBP15-2::GUS were generated, and histochemical staining
of these lines showed that GUS was activated by pFKBP15-2 in
the majority of organs, although to various degrees, during all
growth stages (Supplemental Figure 4).

FKBP15-2 Is Required for Plant Resistance to
Phytophthora

Toinvestigate the function of FKBP15-2 in Phytophthora infection,
we analyzed the T-DNA mutant line fkbp 15-2 (Col-0 background)
carrying a T-DNA insertion in the second intron (Supplemental
Figure 5A and 5B). The mutant showed similar growth
phenotypes compared with Col-0 (Supplemental Figure 5C and

1070 Molecular Plant 11, 1067-1083, August 2018 © The Author 2018.

5D) despite a 98% reduction in FKBP15-2 transcript (Figure 3C).
Detached leaves of Col-0 and fkbp15-2 plants were drop-inocu-
lated with P. capsici zoospores. The infection lesions on mutant
fkbp15-2 were larger than those on Col-0 (Figure 3D), and we
observed more pathogen colonization (Figure 3E). Similarly,
fkbp15-2 leaves showed larger lesions (Figure 3F) and more
pathogen biomass (Figure 3G) when infected with P. parasitica
Pp016, suggesting that FKBP15-2 is required for
plant resistance against both Phytophthora spp. In support
of this conclusion, analyses of FKBP15-2-overexpressing
and -silenced A. thaliana transformants (Supplemental
Figure 5E) revealed significant changes in P. capsici
colonization (Figure 3H). Considering that P. parasitica and P.
capsici are two common soil-borne pathogens, with the former
being less aggressive on Col-0, the roots of 2-week-old
fkbp15-2 and Col-0 seedlings were dip-inoculated with
P. parasitica zoospores. As expected, the pathogen biomass in
fkbp15-2 roots was higher than that in Col-0 (Figure 3lI).
Furthermore, expression of marker genes of SA and jasmonic
acid (JA) pathways, PR1 and PDF1.2, respectively (Uknes et al.,
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Figure 3. FKBP15-2 Positively Regulates A. thaliana Resistance to Phytophthora Pathogens.

(A and B) Expression of FKBP15-2 at different stages during P. capsici or P. parasitica infection was determined by qRT-PCR. Four-week-old leaves from
Col-0 were inoculated with P. capsici zoospores (A). Total RNA was extracted from infected leaves at 0, 3, 6, 12, 24, 36, 48, and 60 hpi. Two-week-old
roots of Col-0 were infected with zoospores from P. parasitica (B). Total RNA was extracted from infected roots at 0, 6, 12, 24, 48, and 60 hpi. A. thaliana
UBC9 was used as an internal control. Error bars indicate SD of three biological replicates.

(C) The expression of FKBP15-2 in the T-DNA insertion mutant fkbp15-2 and the wild-type Col-0 as determined by gRT-PCR. Total RNA was extracted
from leaves of 4-week-old plants. UBC9 was used as an internal control. Error bars indicate SD of three biological replicates.

(D and F) Detached leaf inoculation assays showing that fkbp-15-2 is susceptible to P. capsici (D) and P. parasitica (F). Images were taken at 60 hpi (D) and
72 hpi (F).

(E and G) P. capsici or P. parasitica colonization of infected leaves at 60 or 72 hpi as determined by gRT-PCR. Primers specific for the P. capsici actin
gene, the P. parasitica UBC gene (gene ID: PPTG_08 273), and the A. thaliana UBC9 gene were used. Error bars indicate SD of three biological replicates,
with at least eight leaves per replicate. Asterisks indicate significant differences (**P < 0.01, *P < 0.05).

(H) P. capsici biomass in infected leaves of Col-0 and FKBP15-2-OE-19, FKBP15-2-OE-24, FKBP15-2-RNAi-8, and FKBP15-2-RNAI-9 lines at 60 hpi was
determined by qRT-PCR. Error bars indicate SD of three biological replicates, with at least eight leaves per replicate. Asterisks indicate significant
differences (***P < 0.01, *P < 0.05).

(I) P. parasitica colonization of infected A. thaliana roots. Total genomic DNA from P. parasitica-infected roots was isolated at 48 hpi. Error bars indicate SD
of three biological replicates, with 24 seedling roots per replicate. Asterisks indicate significant differences (**P < 0.01).

1993; Yun et al., 2003), which were previously reported to be PcAvr3a12 Partially Associates with FKBP15-2 on the
induced by Phytophthora infection (Attard et al., 2010; Wang ER In Planta

et al., 2013), was reduced in fkbp15-2 at least by 60% as T4 jnvestigate the subcellular localization of FKBP15-2 and
compared with that in Col-0 at 6 hpi (Supplemental Figure 6). s aggociation with PcAvr3al2, we constructed plasmids
Taken together, these results show that FKBP15-2 is required 44 express mCherry or GFP fusions with each protein: p35S::

for plant resistance to Phytophthora infection in A. thaliana. GFP/mCherry-PcAvr3a12 (PcAvr3al2 SP was removed) and
Molecular Plant 11, 1067-1083, August 2018 © The Author 2018. 1071
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p35S::SP-GFP/mCherry-FKBP15-2-NDEL. All these GFP/
mCherry fusions were successfully expressed in planta as
demonstrated by immunoblot analysis (Supplemental
Figure 7A-7C). Consistent with a previous prediction (He
et al.,, 2004), SP-directed GFP-FKBP15-2-NDEL completely
overlapped with the mCherry-labeled ER marker in the peri-
nuclear ER and the ER network (Figure 4A) when these
proteins were co-expressed in N. benthamiana leaves. More-
over, GFP fluorescence in stable SP-GFP-FKBP15-2-NDEL-ex-
pressing A. thaliana leaves co-localized with ER-like networks
and surrounded the nucleus (Supplemental Figure 8A), and no
protein cleavage was observed (Supplemental Figure 8B). We
observed that when GFP was tagged to the N terminus
upstream of the SP, which abolished the proper function of
SP, GFP-SP-FKBP15-2-NDEL SP was localized in the nucleus
and cytoplasm (Supplemental Figure 9A and 9B), suggesting
that the SP is required for ER localization of FKBP15-2.

When GFP-PcAvr3a12 (lacking the SP) was co-expressed
with SP-directed mCherry-FKBP15-2-NDEL in N. benthamiana
leaves, the two proteins partially overlapped at the peri-nuclear
ER and the ER network, although GFP-PcAvr3al2 was also
detectable in the cell nucleus and cytoplasm (Figure 4B). In
addition, the plasma membrane- and nucleus-localized GFP-
PiAvrblb2 (Bozkurt et al., 2011) did not overlap with the SP-
directed mCherry-FKBP15-2-NDEL (Supplemental Figure 9C).
Bimolecular fluorescence complementation (BiFC) assays,
using N-terminal (VN) and C-terminal (VC) fragments of the
Venus fluorescent protein, were used to confirm whether
PcAvr3a12 associates with FKBP15-2 in live plant cells.
FKBP15-1 and PiAvr3a" served as two independent controls in
the BiFC assays. All fusion proteins were successfully expressed
in N. benthamiana leaves without cleavage (Supplemental
Figure 7D). Only the infiltrated leaves expressing SP-directed
VN-FKBP15-2-NDEL and VC-PcAvr3ai2 (lacking the SP)
showed obvious fluorescence in the ER-like structures
(Figure 4C and 4F) in contrast to all control constructs
(Figure 4D and 4E). We observed significantly more fluorescing
cells in leaves co-infiltrated with SP-VN-FKBP15-2-NDEL and
VC-PcAvr3a12 as compared with the controls (Figure 4G).
Taken together, these results suggest that PcAvr3ai2 can at
least partially associate with FKBP15-2 in the ER in live plant
cells.

Molecular Plant

PcAvr3a12 and FKBP15-2 Co-localize around
Phytophthora Haustoria during Infection

To further examine the subcellular localization of FKBP15-2
and PcAvr3al2 during Phytophthora infection, we inoculated
N. benthamiana leaves expressing GFP or mCherry
fusions with Phytophthora zoospores. Confocal microscopy
showed that SP-directed mCherry-FKBP15-2-NDEL and
mCherry-PcAvr3ai2 proteins accumulated around the haustoria
of GFP-labeled P. parasitica (Figure 5A and 5C; Supplemental
Figure 10). Moreover, the ER was concentrated around
haustoria during Phytophthora infection (Figure 5B). Consistent
with this finding, GFP-PcAvr3a12 and SP-directed mCherry-
FKBP15-2-NDEL were co-localized around haustoria-like
structures after infection with P. capsici (Figure 5D). Using
PiAvrblb2 as a marker of the extrahaustorial membrane during
Phytophthora infection (Bozkurt et al., 2015), we further
detected GFP-PcAvr3a12 co-localization with  mCherry-
PiAvrblb2 around haustoria-like structures (Figure 5E).

The PPlase Activity of FKBP15-2 Is Essential for Its
Immune Function

It was previously reported that the FKBP15-2 ortholog in Vicia faba
possesses PPlase activity (Luan et al., 1996). We therefore used a
conventional protease-coupled PPlase assay to detect whether
FKBP15-2 has PPlase activity. The 93rd residue (aspartic acid) in
FKBP15-2 was predicted to be an essential site for PPlase activity
based on previous analyses (Lucke and Weiwad, 2011;
Supplemental Figure 11A). The maltose-binding protein (MBP)
fusions, MBP-FKBP15-2, MBP-FKBP15-2P%*A and MBP-GFP,
were expressed in Escherichia coli and purified by binding
to amylose resin columns, and protein expression was confirmed
by both SDS-PAGE and immunoblot analysis (Supplemental
Figure 11B). The purified proteins were incubated with N-succinyl-
ala-ala-pro-pNa, which can be cleaved by a-chymotrypsin to yield
colored 4-nitroaniline, only when the N-succinyl-ala-ala-pro-pNa
prolyl bond is at trans-comformation. Compared with the sponta-
neous reaction, the accumulation of 4-Nitroaniline was faster with
the addition of MBP-FKBP15-2 than with MBP-GFP (Figure 6A),
indicating that FKBP15-2 possesses PPlase activity. Furthermore,
the accumulation of 4-nitroaniline was slower with MBP-FKBP15-
2P%A than with MBP-FKBP15-2 (Figure 6A), consistent with loss of
FKBP15-2P%4 PP|ase activity.

Figure 4. P. capsici RXLR Effector PcAvr3ai2 Associates with the Host Protein FKBP15-2 at the ER.

Proteins were expressed in N. benthamiana leaves through infiltration with an A. tumefaciens cell suspension with an ODg value of 0.3. Fluorescence in
N. benthamiana epidermal cells was observed by confocal microscopy at 48 h post infiltration. Fluorescence plots show the relative fluorescence along
the dotted line in the images.

(A) SP-GFP-FKBP15-2-NDEL fluorescence overlaps with that of the mCherry-labeled ER marker at the peri-nuclear ER (upper panel) and the ER network
(lower panel). Scale bar, 20 um.

(B) SP-mCherry-FKBP15-2-NDEL fluorescence partially overlaps with that of GFP-PcAvr3a12 at the peri-nuclear ER (upper panel) and the ER network
(lower panel). Lower panel shows infiltration with an A. tumefaciens cell suspension with an ODggg value of 0.1. Scale bar, 20 pm.

(C-E) The interaction between PcAvr3ai12 and FKBP15-2 in living cells was detected by BiFC. The C terminus of Venus (VC) was fused to the
N terminus of PcAvr3a12 and PiAvr3aX' (mature protein with the SP deleted), and the N terminus of Venus (VN) was fused between the secretory SP
and FKBP15-2-NDEL or FKBP15-1-KNEL. Co-expression of SP-VN-FKBP15-2-NDEL and VC-PcAvr3ai2 resulted in specific fluorescence as
detected by confocal microscopy (C), in contrast to two control combinations (D and E). Three independent experiments showed similar results. Scale
bars, 40 um.

(F) Enlarged image shows a representative fluorescent cell expressing SP-VN-FKBP15-2-NDEL and VC-PcAvr3a12. Scale bar, 20 pm.

(G) Quantitative statistical analysis of the average number of fluorescent cells per observable field using 20 x magnification and identical settings for each
of the replicates. Significantly more fluorescent cells were observed in leaves co-expressing SP-VN-FKBP15-2-NDEL and VC-PcAvr3a12 as compared
with those expressing control combinations (P < 0.001, t-test, n = 12 fields of view for each pair).
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Figure 6. PPlase Activity of FKBP15-2 Is
Required for Its Immune Function During
Phytophthora Infection.
(A) PPlase activity of FKBP15-2 and FKBP15-
2P9A  The recombinant proteins MBP-GFP,
MBP-AFKBP15-2, and MBP-AFKBP15-2P%4
were expressed and purified from E. coli. “A” in-
dicates specific protein constructs in which the
SP and the potential ER retention signal were
deleted. PPlase activities were analyzed by
chymotrypsin-coupled assay at 8°C using succi-
nyl-Ala-Leu-Pro-Phe-p-nitroanilide as the sub-
strate. Faster appearance of the absorbance in
390 nm is indicative of higher PPlase activity.
Enzyme activity can be assessed by analyzing the
* peak of the curve 24s (dotted line indicated) after
1 the adding of a-chymotrypsin. The final concen-
tration of each purified protein in the mix was 10
iM. MBP-GFP was used as a control. Three in-
dependent replicates showed similar results.
(B) PPlase activity assay for MBP-AFKBP15-
2 in the presence of PcAvr3al4, rapamycin,
or PcAvr3al2. The recombinant proteins
MBP-FKBP15-2, MBP-PcAvr3a12, and MBP-
PcAvr3ai4 were expressed and purified from
E. coli. MBP-PcAvr3a14 and rapamycin, which is
a chemical suppressor of PPlases, were used
E as controls. The final concentration of each puri-
SP-GFP-FKBP15-2-NDEL  + + * + + * fied protein in the mix, including MBP-FKBP15-2,
FLAGPCAr3a12 + * * MBP-PcAvr3a12, and MBP-PcAvr3ald, was
mCherry + + + 10 iM. PPlase activity was analyzed with a
chymotrypsin-coupled assay at 8°C using succi-
nyl-Ala-Leu-Pro-Phe-p-nitroanilide as the sub-
strate. Faster appearance of an absorbance peak
at 390 nm is indicative of higher PPlase activity.
Three independent experiments showed similar
results.
(C) Detached leaves of FKBP15-2 mutant comple-
mentation lines (CMP%*%) showing enhanced sus-
ceptibility to infection by P. capsici zoospores.
Representative images were taken at 60 hpi.
(D) P. capsici biomass in infected leaves of Col-0, FKBP15-2 complementation lines (CM), and FKBP15-2mutant complementation lines (CMP934)
at 60 hpi, as determined by gRT-PCR. Error bars indicate SD from three biological replicates. Asterisks indicate significant differences (*P <
0.05).
(E) Protein stability of FKBP15-2, co-expressed with PcAvr3a12 or mCherry, was analyzed by immunoblotting (IB). The SP-GFP-FKBP15-2-NDEL
protein was co-expressed with FLAG-PcAvr3a12 or mCherry in N. benthamiana leaves through agroinfiltration. Total proteins were extracted from
infiltrated leaves at 1, 2, and 3 days post agroinfiltration. SP-GFP-FKBP15-2-NDEL and FLAG-PcAvr3a12 were detected by immunoblotting using anti-
GFP- and FLAG-antibodies, respectively. Ponceau staining of the membrane was used to show equal loading.
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To confirm whether the PPlase activity of FKBP15-2 is required
for its contribution to immunity, we complemented fkbp15-2
mutant A. thaliana line by transforming them with pFKBP15-
2:FKBP15-2 or pFKBP15-2::FKBP15-2P%%4, Two independent

pFKBP15-2::FKBP15-2 complementation lines (CM) and two in-
dependent pFKBP15-2::FKBP15-2°%34 mutant complementation
lines (CMP%**) were confirmed by quantitative RT-PCR (qQRT-
PCR) (Supplemental Figure 5F) and were chosen for infection

Figure 5. P. capsici Effector PcAvr3ai2 and Host Protein FKBP15-2 Accumulate Around Haustoria during Phytophthora Infection.
Each construct was expressed in N. benthamiana leaves through infiltration with an A. tumefaciens cell suspension (ODggg of 0.2-0.3). Infiltrated leaves
were inoculated with P. capsici or GFP-expressing P. parasitica zoospores at 24 h post infiltration. Fluorescence was observed by confocal microscopy at
60 h post infiltration. GFP and mCherry signals are indicated in green and red, respectively. White arrows indicate Phytophthora haustoria. The fluo-
rescence plots show the relative fluorescence along the dotted line in the images. Three independent biological replicates showed similar results. Scale
bars, 10 um.

(A) Fluorescence of SP-mCherry-FKBP15-2-NDEL indicates its accumulation around haustoria during infection with GFP-labeled P. parasitica.

(B) Fluorescence of an ER marker indicates haustoria surrounded by the ER during infection with GFP-labeled P. parasitica.

(C) Fluorescence of mCherry-PcAvr3ai2 indicates its accumulation around haustoria during infection with GFP-labeled P. parasitica.

(D) GFP-PcAvr3ai2 and SP-mCherry-FKBP15-2-NDEL co-localize around haustoria following inoculation with P. capsici.

(E) Localization of GFP-PcAvr3a12 and mCherry-PiAvrblb2 around haustoria following infection with P. capsici.
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assays with P. capsici zoospores. The water-soaked lesions on
leaves of CM lines and Col-0 were smaller than those on the
leaves of CMP®*A lines (Figure 6C), which had less pathogen
colonization at 60 hpi (Figure 6D), while the water-soaked lesions
on leaves of CM lines and Col-0 were similar (Figure 6C) with no
significant difference in pathogen colonization (Figure 6D). These
results indicate that the PPlase activity of FKBP15-2 is required
for its contribution to immunity against Phytophthora.

PcAvr3ai2 Directly Suppresses the PPlase Activity of
FKBP15-2

Based on our finding that the PPlase activity of FKBP15-2 is
essential for its contribution to immunity, we investigated whether
this activity is affected by PcAvr3a12 in a protease-coupled
in vitro assay. Expression of all purified recombinant proteins
used in these PPlase activity assays was confirmed by SDS-
PAGE and immunoblots (Supplemental Figure 11C). The PPlase
activity of MBP-FKBP15-2 incubated with MBP-PcAvr3ai2,
MBP-PcAvr3a14, and rapamycin (a chemical inhibitor of PPlase),
respectively, was assayed as previously described (Harding
et al., 1989). Here, MBP-PcAvr3ai4 and rapamycin were used
as controls. In the presence of PcAvr3al12 or rapamycin, the
PPlase activity of MBP-FKBP15-2 was lower than that in the
presence of PcAvr3ai14 (Figure 6B), suggesting that the PPlase
activity of FKBP15-2 was attenuated by binding to PcAvr3ai2.
We also examined whether PcAvr3a12 affects the in vivo stability
of FKBP15-2. The FKBP15-2-GFP fusion was co-transformed
with FLAG-PcAvr3a or free mCherry into N. benthamiana leaves
by agroinfiltration. We found that the accumulation of SP-
directed GFP-FKBP15-2-NDEL was not significantly different be-
tween the leaves co-expressing FLAG-PcAvr3a12 and mCherry
(Figure 6E).

FKBP15-2 Is Involved in General UPR Induction and ER
Stress-Mediated Plant Immunity

The protein folding capacity of the ER has been demonstrated to
be crucial for rapid and effective basal immune responses (Karner
etal., 2015). Our findings that FKBP15-2 is localized in the ER and
has PPlase activity prompted us to question whether FKBP15-2
mediates immunity against Phytophthora spp by regulating ER
stress. To test this, we treated 5-day-old seedlings of Col-0 and
the fkbp15-2 mutant with the ER stress inducer/N-glycosylation
inhibitor tunicamycin (TM) or dimethyl sulfoxide (DMSO) as a con-
trol. At 7 days post treatment, the fresh weight of the seedlings
was measured. There was around a 50% reduction in the fresh
weight of the TM-treated Col-0 seedlings compared with that of
the DMSO-treated seedlings. In contrast, in the fkbp15-2 mu-
tants, TM treatment resulted in only about a 17% biomass reduc-
tion compared with control seedlings (Figure 7C), suggesting that
FKBP15-2 might contribute to the sensing of TM-induced ER
stress.

To further examine whether FKBP15-2 contributes to ER stress
sensing and subsequent UPR regulation, we spray-treated
12-day-old Col-0 and fkbp15-2 seedlings with TM, and moni-
tored via real-time qRT-PCR the transcript levels of the ER stress
sensor genes bZIP60 and bZIP28 and the UPR marker gene BiP3.
We found that the levels of bZIP60, spliced bZIP60 (ER stress-
activated form of bZIP60), and BiP3 were significantly elevated
in Col-0 treated with TM. However, the increase in bZIP60,
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spliced bZIP60, and BiP3 transcript levels was significantly atten-
uated in the fkbp75-2 mutants at 6 h post TM treatment
(Figure 7A). Although bZIP28 expression was not clearly
elevated by TM treatment, its transcript level was reduced in
the fkbp15-2 mutants as compared with Col-0 (Figure 7A).
These results indicate that FKBP15-2 contributes to general
ER stress sensing and UPR regulation, although there was no
obvious elevation of FKBP15-2 transcript levels in the TM-
treated Col-0 (Supplemental Figure 12B).

Toinvestigate whether the contribution of FKBP15-2 toimmunity is
related to its contribution to ER stress and UPR regulation, we
examined the transcript levels of the ER stress sensor genes
bZIP60, bZIP28, and BiP3 during early biotrophic colonization by
P. capsici. For these gRT-PCR analyses, leaves of 4-week-old
Col-0 and fkbp15-2 mutants were inoculated with P. capsici zoo-
spores and harvested at0, 3, 6, and 12 hpi. We found that the levels
of bZIP60 and BiP3 transcripts in Col-0 were elevated at early-
stages of infection by P. capsici, while only a slight increase in
bZIP28 expression, if any, was observed. In contrast, the tran-
scription of bZIP60, bZIP28, and BiP3 in the fkbp15-2 mutants
was significantly attenuated during early infection by P. capsici
(Figure 7B). In accordance with this, several immunity-related
genes were obviously induced upon infection by P. capsici in the
Col-0 plants, including aVPE (ER stress-mediated cell death
gene), WRKY33 (UPR-mediated SAR priming gene), EFR (ER-
QC-dependent pattern-recognition receptor), and CYP81F2
(a P. capsici resistance gene encoding an ER-localized indole glu-
cosinolate biosynthesis enzyme gene; Wang et al.,, 2013)
(Figure 7B). However, in the fkbp15-2 mutant the increase in
transcription of WRKY33, EFR, and CYP81F2 was significantly
reduced during early infection compared with that in Col-0,
especially at 6 and 12 hpi (Figure 7B). Similarly, when 12-day-
old-seedlings were inoculated with P. parasitica, the expression
levels of ER stress sensors (bZIP60 and bZIP28) and ER stress-
mediated immunity genes (@VPE, WRKY33 and EFR) were lower
during early infection in fkbp15-2 mutants compared with Col-0
(Supplemental Figure 12A). Taken together, these results imply
that FKBP15-2 contributes to ER stress-mediated plant immunity.

DISCUSSION

Plant pathogens secrete effectors to interfere with plant immune
responses and promote colonization (Jones and Dangl, 2006).
PiAvr3a is a well-known RXLR effector from P. infestans that
plays an essential role in pathogenesis (Bos et al., 2010; Gilroy
et al, 2011; Chaparro-Garcia et al., 2015). Avr3a family
effectors are among the few RXLR effectors that are relatively
well conserved across diverse Phytophthora species, and this
family is highly expanded in P. capsici (Bos, 2007), suggesting
that these effectors are important in pathogenesis and that they
may have evolved specialized roles in P. capsici (Vega-Arreguin
et al,, 2014). We found that PcAvr3a12 is highly upregulated
during early infection, and expression in planta renders the host
plant A. thaliana more susceptible to P. capsici (Figure 1),
supporting its role as a virulence effector, consistent with the
virulence role of the Avr3a family effectors PiAvr3a (Bos et al.,
2010) and PsAvrib (Dou et al., 2008). In contrast to PiAvr3a and
PsAvrib, respectively, PcAvr3al2 cannot be recognized by
R3a or suppress INF1-triggered cell death (Supplemental
Figure 1), suggesting it has evolved a more specialized role in
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Figure 7. FKBP15-2 Is Involved in UPR and ER Stress-Mediated Plant Inmunity During Phytophthora Infection.

(A) The dynamic expression of bZIP60, bZIP28, BiP3, and spliced bZIP60 was evaluated by gRT-PCR. Ten-day-old seedlings of wild-type Col-0 and
fkbp 15-2 mutants were sprayed with TM (5 ig/ml). Total RNA was extracted from seedlings at 0, 3, 6, and 12 h post treatment. UBC9 was used as the plant
reference gene. Error bars indicate SD from three biological replicates. Asterisks indicate significant differences (‘P < 0.05).

(B) Expression levels of bZIP60, bZIP28, aVPE, WRKY33, CYP81F2, and EFR were determined by qRT-PCR. Detached leaves of 4-week-old plants of
wild-type Col-0 and fkbp15-2 mutants were inoculated with P. capsici zoospores. Total RNA was extracted from leaves at 0, 3, 6, and 12 hpi. UBC9 was
used as the plant reference gene. Error bars indicate SD of three biological replicates. Asterisks indicate significant differences (“P < 0.05).

(C) Fresh weight of fkbp15-2 and Col-0 under TM-triggered ER stress. Four-day-old wild-type Col-0 and fkbp15-2 mutant seedlings were grown in liquid
medium with TM (50 ng/ml), using DMSO as a negative control. Seedling fresh weight was determined at 7 days post treatment. For each sample, at least
12 seedlings were used. Three independent experiments showed similar results. Error bars indicate SD from 12 seedlings. Asterisks indicate significant
differences (*P < 0.01).

P. capsici. Accordingly, PcAvr3a12 was found to have a distinct In plants there are three PPlase families: cyclophilins (CYPs),
host target, AtFKBP15-2, that we identified through Y2H FK506- and rapamycin-binding proteins (FKPBs), and parvulins
screening and further confirmed through Y2H, ColP, and BiFC (He et al., 2004). Two plant CYPs, ROC1 (Coaker et al., 2005)
assays (Figures 2 and 4C-4G). and GmCYP1 (Kong et al., 2015), were found to be required for
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activation of specific effectors by mediating allosteric transition
of effector peptidyl-prolyl bonds. In the case of PcAvr3ai2,
however, there is no proline in the mature protein, consistent
with a different mechanism of interaction between FKBP15-2
and PcAvr3ai2.

FKBP family members are involved in diverse aspects of cellular
physiology including hormone signaling, protein trafficking,
transcription, plant growth, and stress response (Harrar et al.,
2001; Romano et al., 2005). However, the specific roles of
many FKBPs in plants remain unclear (Vasudevan et al., 2015).
AtFKBP65, a homolog of AtFKBP15-2, was recently reported to
be responsive to Pseudomonas syringae infection and to be
required for callose accumulation (Pogorelko et al., 2014). We
found that FKBP15-2 is responsive to Phytophthora infection
(Figure 3A and 3B) and positively contributes to plant
resistance (Figure 3C-3l). We have also detected FKBP15-2
peptidyl-prolyl cis-trans isomerase activity in protease-coupled
assays (Figure 6A), as reported for its ortholog in V. faba (Luan
et al., 1996). In accordance with previous work (Lucke and
Weiwad, 2011), mutating an essential residue (FKBP15-2P%%4)
weakened its PPlase activity (Figure 6A). Further pathogenicity
assays on FKBP15-2P%* and FKBP15-2 complementation lines
showed that the PPlase activity of FKBP15-2 is important for its
immunity-associated function against Phytophthora infection
(Figure 6C and 6D). Based on this, together with our finding that
PcAvr3a12 directly suppresses the PPlase activity of FKBP15-2
in vitro (Figure 6B), we conclude that PcAvr3ai2 attenuates
plant immunity by suppressing the PPlase activity of FKBP15-2.

Trans-cis isomerization activity mediated by PPlases is crucial for
protein folding, since the majority of proteins have prolyl residues
(Braakman and Hebert, 2013). It is well documented that proline
isomerization is a slow process and rate-limiting for protein
folding (Brandts et al., 1977; Lang et al., 1987). In addition, ER-
localized molecular chaperones and foldases generally form
complexes to modulate protein modification and folding, which
is an important part of the UPR (Jansen et al., 2012). The
ER-localized BiP chaperones regulate UPR signaling after
dissociation from the ER stress sensor IRE1 (Bertolotti et al.,
2000). Both VfFKBP15 from V. faba and ScFKBP2 from
Saccharomyces cerevisiae are orthologs of AtFKBP15-2 and
AtFKBP15-1. The VfFKBP15 gene was highly upregulated
under heat-shock stress (Luan et al., 1996), and ScFKBP2 was
highly upregulated after treatment with the ER stress inducer
tunicamycin (TM) (Partaledis and Berlin, 1993), implying that
these genes have a key role in protein folding. In contrast, there
was no obvious induction of AtFKBP15-2 in Col-0 by TM treat-
ment (Supplemental Figure 12B), implying a different role of
AtFKBP15-2 in A. thaliana or, alternatively, post-transcriptional
regulation of AtFKBP15-2. In our study, the fkbp15-2 mutants
exhibited insensitivity to TM treatment (Figure 7C). Furthermore,
the TM-triggered induction of ER stress sensor genes (bZIP60,
spliced bZIP60, and bZIP28) and a UPR marker gene (BiP3)
was significantly reduced in the fkbp15-2 mutants compared
with Col-0 (Figure 7A). These results suggest that FKBP15-2 is
(directly or indirectly) involved in the transcription of the ER
stress sensors bZIP60 and bZIP28 and subsequent regulation
of UPR pathways. FKBPs not only help in protein folding but
also modulate signal transduction pathways by changing the
activity of interacting proteins (Harrar et al., 2001). Thus, further
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identification of FKBP15-2-interacting proteins will facilitate the
elucidation of the mechanisms by which FKBP15-2 affects tran-
scription of ER stress sensors and regulation of the UPR
pathways.

There is clear evidence that ER stress response contributes to
plant immunity in several ways, for example, through the pro-
cessing pattern-recognition receptors, the regulation of anti-
microbial protein secretion, and priming of SAR- and ER stress-
mediated cell death (Wang et al., 2005; Li et al., 2009; Moreno
et al,, 2012; Qiang et al.,, 2012; Korner et al., 2015). It was
recently shown that GmBIiPs are targeted by the P. sojae RXLR
effector PsAvh262, resulting in the attenuation of ER stress-
mediated cell death (Jing et al., 2016), which suggests that
one way that microbes achieve compatibility is through
manipulation of plant ER stress by effectors. In addition to
altered expression of ER stress sensing and UPR marker genes
(Figure 7B), mutants lacking the PcAvr3a12 target FKBP15-2 dis-
played attenuated induction of two known ER stress-mediated
plant immunity marker genes, EFR and WRKY33, during
the early stages of Phytophthora infection (Figure 7B and
Supplemental Figure 12A). Furthermore, transcription of the ER
stress-mediated cell death maker gene aVPE was attenuated
in fkbp15-2 mutants during the early stages of infection by
P. parasitica (Supplemental Figure 12A), as was the expression
of secreted immunity-related protein genes (PR7 and PDF1.2)
(Supplemental Figure 6) and the ER-localized P. capsici
resistance gene CYP81F2 (Wang et al., 2013) (Figure 7B) in
fkbp15-2 mutants in the early stages of P. capsici infection.
These results suggest that FKBP15-2 positively contributes
to plant resistance, most likely by participating in ER stress
response pathways. Future studies of P. capsica strains with
silencing or knockout of PcAvr3a12 may further confirm
whether this effector directly disturbs the host UPR.

Since the SP of FKBP15-2 is essential for its ER localization
(Figure 4A and Supplemental Figure 9), it is likely that the
translation of FKBP15-2 is completed at the ER and thus
most FKBP15-2 reaches the ER by the co-translational pathway.
This may explain why PcAvr3ai2 is not significantly enriched in
the ER during co-expression with FKBP15-2 (Figure 4B). Our
subcellular localization (Figure 4B) and BIiFC (Figure 4C-4G)
assays indicate that even when lacking its SP, some PcAvr3a12
protein overlaps with FKBP15-2 in the ER in healthy plant cells.
How PcAvr3ai2 enters the ER structures when it is expressed
at high levels in plant cells remains unclear. It is possible that a
fraction of FKBP15-2 is post-translationally targeted to the ER,
and that this fraction is sufficient to bind to PcAvr3ai2 and carry
it into the ER. During natural infection, effectors are thought to
enter plant cells via some form of endocytosis, which would
target them to the lumen of the endomembrane system, where
they could undergo retrograde trafficking to the ER. Currently, it
is difficult to directly observe the translocation route and subcel-
lular localization of Phytophthora effectors during infection (Wang
et al., 2017). However, our localization assays of FKBP15-2 and
PcAvr3a12 during infection showed that both proteins accumu-
lated and co-localized around haustoria, further supporting
their interaction (Figure 5 and Supplemental Figure 10). Taken
together, we propose that during early infection P. capsici
secretes the RXLR effector PcAvr3a12, which targets the ER-
localized PPlase FKBP15-2 around haustoria, to suppress plant
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Figure 8. A Schematic Model of the Role of FKBP15-2 and
PcAvr3ai2 in Plant Immunity to Phytophthora.

P. capsici develops haustoria that secrete and deliver effectors, including
PcAvr3ai12, into host cells to manipulate host cell function. Plant ER-
localized PPlase, FKBP15-2, accumulates and surrounds haustoria.
FKBP15-2 is directly targeted and inhibited by PcAvr3a12 around haus-
toria. Phytophthora infection activates an ER stress response and ER
stress-mediated immunity in plants. The T-DNA insertion mutant fkbp15-2
shows significantly attenuated expression of bZIP60 and bZIP28 and
multiple ER-processed immune genes (e.g., dVPE, EFR, WRKY33, and
PR1). Based on these results, we propose that the P. capsici-secreted
RXLR effector PcAvr3a12 circumvents plant immunity by targeting and
suppressing a novel ER-localized immune protein, FKBP15-2, that posi-
tively regulates plant resistance by participating in ER stress-mediated
plant immunity. CW, cell wall; PM, plasma membrane; H, haustoria; ER,
endoplasmic reticulum.

immunity (Figure 8). Targeting of FKBP15-2 seems to be espe-
cially relevant for P. capsici infection due to its participation in
maintaining ER homeostasis.

METHODS

Plasmid Constructs

For the creation of Y2H constructs, the coding regions of AtFKBP15-2,
AtFKBP15-1, PcAvr3a12, PcAvr3al4, and PcFKBP35 without the secre-
tion SP and the ER retention peptide were cloned from Col-0 or LT263
cDNA and inserted into the EcoRl and BamHI sites of pGADT7 and
pGBKT7. For the creation of BiFC constructs, the fusion fragments SP-
VN-FKBP15-2-NDEL and SP-VN-FKBP15-1-KDEL were obtained
through overlapping PCR and inserted into the Spel and Sacl sites
of pDEST-®WVYNE (Gehl et al., 2009). The coding sequences of
PcAvr3a12 and PiAvr3a! without the SP were inserted into the Spel and
Xhol sites of pDEST-VYCE®W (Gehl et al., 2009). For preparation of
overexpression constructs, the full-length FKBP15-2 sequence was
cloned from Col-0 cDNA and inserted into the EcoRI and BamHI sites of
pKannibal (Wesley et al., 2001), then inserted into the binary vector
pART27 (Gleave, 1992) at the Notl site. To create eGFP/mCherry/
7*myc-fusion plasmids, we first cloned the eGFP/mCherry/7*myc frag-
ment into pKannibal with Xhol and EcoRl sites and use the Notl sites to
release the fragment with the promoter and terminator and then inserted
it into pART27 vector. The mature PcAvr3a12 and full-length FKBP15-2
coding sequences were inserted into previously modified pART27 at the
EcoRl and Xbal sites to create GFP/mCherry/7*myc-PcAvr3al2 and
GFP-SP-FKBP15-2-NDEL. For other plant expression constructs,
including SP-GFP/mCherry-FKBP15-2-NDEL, FLAG-PiAvr3a®', and
FLAG-PcAvr3ai12, fusion fragments were obtained from restriction
enzyme digestion or overlapping PCR and cloned into the Xhol and Xbal
sites of the previously described plant expression vector, replacing the ex-
isting sequence. To generate the RNA silencing vector, we chose a spe-
cific 250-bp fragment — with no predicted off-target effects and inserted
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it into the pKannibal vector between the Xhol-EcoRl sites in the sense
orientation and between the Clal-Xbal sites in the antisense orientation
to create a hairpin. Finally, this hairpin was transferred into pART27 at
the Notl site. To construct the pFKBP15-2::GUS reporter vector, we ampli-
fied a 1097-bp promoter fragment of FKBP15-2 from Col-0 genomic DNA
and inserted it into the Kpnl and ASCI sites of the pMDC162 binary vector
(Curtis and Grossniklaus, 2003). We constructed other pFKBP15-2
promoter-derived vectors, including pFKBP15-2::FKBP15-2 and
PFKBP15-2::FKBP15-2P%34 by replacing the GUS sequence using the
ASCI and Sacl sites. The plant expression vector containing the ER
marker was obtained from ABRC (stock number CD3-959) (Nelson
et al.,, 2007). To create prokaryotic expression vectors, we used a
modified pET21a vector with an N-terminal MBP tag. The coding
sequences of FKBP15-2, FKBP15-2°%34, pcAvr3a12, and PcAvr3al4
without secretion and ER retention SP-encoding sequences were
inserted into previously modified pET21a-MBP at the EcoRI and Xhol
sites. All of these vectors were verified by sequencing. All of the previously
used primers are listed in Supplemental Table 1.

Plant Materials and Growth Conditions

The FKBP15-2 T-DNA insertion line (SALK_113542) was obtained from the
ABRC. Homozygosity of T-DNA insertion mutants was confirmed by PCR
using primers FP (GAT TAT GGC GAG CAA GAT GAG), RP (ATC CCT CAT
CAT CTT CAT CCC), and BLa1 (TGG TTC ACG TAG TGG GCC ATC G). All
transgenic A. thaliana lines were generated by the floral dip method
(Zhang et al., 2006) and screened on half-strength Murashige and Skoog
(1/2 MS) plates with the appropriate antibiotics. Plant growing conditions
for A. thaliana and N. benthamiana were the same as previously described
(Pan et al., 2016).

Yeast Two-Hybrid Assay

The Y2H library screening and Y2H assays were performed using the
Matchmaker Two-Hybrid System 3 protocol (Clontech). For screening of
the Y2H library, the pGBKT7 vector containing the effector gene, acting
as a bait, was transformed into yeast strain Y187. Positive yeast clones
were mated with AH109 containing cDNA from P. parasitica-infected
A. thaliana tissue, and the diploids were plated on SD/-Trp-Leu-His-Ade
medium. We picked colonies from SD/-Trp-Leu-His-Ade medium and veri-
fied their sequence. For the Y2H assay, pGBKT7 and pGADT7 vectors,
each containing a selection gene, were co-transformed into the yeast strain
AH109. Transformations were verified by plating on SD/-Trp-Leu medium
and interactions were confirmed based on growth on SD/-Trp-Leu-His me-
dium containing 2.5 mM 3-amino-1,2,4-triazole (3AT), gain of a-galactosi-
dase activity (a-gal), or growth on SD/-Trp-Leu-His-Ade medium.

Agroinfiltration and Confocal Laser Scanning Microscopy

Agrobacterium tumefaciens strain (GV3101) transformed with vector con-
structs was grown at 28°C for about 36 h in Luria-Bertani medium with
appropriate antibiotics. Agrobacteria were pelleted, resuspended in infil-
tration buffer (10 mM MES, 10 mM MgCl,, and 200 pM acetosyringone),
adjusted to the required concentration (ODggo approximately 0.1-0.3),
and infiltrated into 4- to 6-week-old N. benthamiana leaves.

Confocal images of infiltrated N. benthamiana leaves and stable trans-
genic A. thaliana leaves were taken using an Olympus IX83 confocal
microscope (Japan). GFP and Venus expression was detected after exci-
tation with a 488-nm wavelength laser, and emissions were collected
between 500 and 540 nm. The fluorescence of mCherry was excited
with a 559-nm wavelength laser to detect specific emissions between
600 and 680 nm.

Co-immunoprecipitation Assays

Three days after agroinfiltration, N. benthamiana leaves were detached
and ground under liquid nitrogen with a mortar and pestle. Proteins
were extracted with GTEN lysis buffer (10% glycerol, 25 mM Tris
[pH 7.5], 1 mM EDTA, 150 mM NaCl) supplemented with 2% (w/v)
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PVPP, 10 mM DTT, 1x protease inhibitor cocktail (Sigma), and 0.1%
Tween 20 (Sigma), and precipitated by GFP-Trap agarose beads
(Chromotek) or Anti-FLAG M2 affinity gel (Sigma) as described by
Win et al. (2011). Precipitates were washed at least five times with
GTEN buffer supplemented with 0.1% Tween 20. Fusion proteins from
crude extracts (input) and precipitated proteins were detected by
immunoblotting with protein-specific antibodies.

Protein Immunoblot Assays

Proteins were separated by SDS-PAGE and transferred from the gel to a
PVDF membrane (Roche) in transfer buffer (25 mM Tris, 200 mM glycine,
and 20% methanol). The membrane was then blocked in TBST buffer
(Tris-buffered saline with 0.05% Tween 20 [pH 7.2]) containing 10%
non-fat dry milk under gentle shaking. The blocked membrane was incu-
bated with specific antibodies dissolved in TBSTM (TBST with 5% non-fat
dry milk) at a ratio of 1:2000 and incubated at 4°C with shaking at 50 rpm
overnight, followed by three washes (10 min each) with TBST. Next, the
membrane was incubated with a secondary antibody coupled with horse-
radish peroxidase (HRP), which was also dissolved in TBSTM at a ratio of
1:2000, at room temperature for 1.5 h with shaking. Thereafter the mem-
brane was washed three times (10 min each) with TBST and one time with
TBS, then incubated with ECL (#CW0049S, ComWin) before photograph-
ing using a molecular imager (ChemiDoc XRS+, Bio-Rad). The primary an-
tibodies used in our experiments include anti-FLAG (#AE005, ABclonal),
anti-GFP (#AE012, ABclonal), anti-myc (#AE010, ABclonal), and anti-
HA (#HT301-01, Transgen). The secondary antibodies include HRP goat
anti-mouse immunoglobulin G (IgG) (H + L) antibody (#AS013, ABclonal)
and HRP goat anti-rabbit IgG (H + L) antibody (#AS014, ABclonal).

P. parasitica and P. capsici Culture Conditions and Inoculation
Assays

The culture and zoospore production of P. parasitica and P. capsici were
conducted as previously reported (Wang et al., 2011, 2013). The culture
medium used for both P. parasitica and P. capsici was 5% (v/v) cleared
carrot juice (CA) medium containing 0.002% (w/v) a-sitosterol and
0.01% (w/v) CaCOgs. The P. capsici strain used in this study was LT263,
while the P. parasitica strain was Pp016.

For P. capsiciinoculation assays, the abaxial surface of detached A. thaliana
leaves was inoculated with a 10-il droplet containing ~80 P. capsici zoo-
spores/il. At 60 hpi, leaf discs (diameter 1 cm) around the zoospore droplets
were collected with a puncher from at least eight leaves for one sample in
each line. Genomic DNA was extracted using the CTAB method, and the
pathogen biomass was quantified by real-time PCR as previously reported
(Llorente et al., 2010). The results represented the ratio between pathogen
and plant genomic DNA, and statistical significance was determined
by one-way ANOVA followed by Tukey’s multiple comparison test. The
P. parasitica inoculation assays were performed similarly as those
described above except that each leaf was wounded by toothpicks and
wound sites were inoculated with a 10-il droplet with 200 P. parasitica zoo-
spores/il. P. parasitica-infected leaf discs were collected at 72 hpi. For
P. parasitica root inoculation, roots of 14-day-old seedlings were dipped
into a zoospore suspension (200 spores/il) for 10 s and transferred to Petri
dishes containing 1/2 MS medium without sugar. The root tissues of about
24 seedlings were pooled together for one sample. Pathogen biomass was
quantitated by RT-PCR as described above. All primers used can be found
in Supplemental Table 2. The data diagrams were drawn by OriginPro.

Gene Expression Analyses

Total RNA was extracted using TRIzol (Invitrogen) reagent. For real-time
gRT-PCR, cDNA was synthesized from 800 ng of total RNA using the
PrimeScript RT Reagent Kit (TaKaRa). The qRT-PCR reactions were
performed using the SYBR Premix Kit (Roche) according to
manufacturers’ instructions with 5-il template from a 1:20 dilution of
cDNA. The primers we used are listed in Supplemental Table 2. The Ct
values of genes were quantified using an iQ7 Real-Time Cycler (Life Tech-
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nologies, USA). Expression fold changes were calculated using the o-AAct
method. Statistical significance was determined by one-way ANOVA fol-
lowed by Tukey’s multiple comparison test. The data diagrams were
drawn by OriginPro.

Recombinant Protein Expression and Purification

Constructs for production of recombinant MBP-GFP, MBP-PcAvr3a12,
MBP-PcAvr3a14, MBP-FKBP15-2, and MBP-FKBP15-2P%A proteins
were introduced into E. coli strain BL21 (DE3). Cultures were incubated
for 8 h with 0.4 mM isopropyl B-D-1-thiogalactopyranoside at 25°C-
28°C with shaking at 180 rpm after cells grown at 37°C reached an
ODggp of 0.5-0.6. Cells were pelleted and resuspended with ice-cold lysis
buffer (20 mM HEPES, 5 mM a-mercaptoethanol, 1 mM EDTA, 150 mM
NaCl [pH 7.5]) containing 1x cocktail (Sigma). The resuspended cells
were sonicated and centrifuged at 20,000 g for 30 min at 4°C. Crude pro-
teins were affinity purified by amylose affinity chromatography (NEB), and
the amylose resin column was washed with wash buffer (20 mM HEPES,
5 mM a-mercaptoethanol, 1 mM EDTA, 150 mM NaCl). Fusion proteins
were eluted with wash buffer containing 10 mM maltose and were concen-
trated by centrifugation through an ultrafiltration tube (Merck). After
purification, the purity of proteins was determined by SDS-PAGE and
immunoblotting.

Rotamase (PPlase) Activity Assays

The rotamase activity of the recombinant FKBP15-2 and FKBP15-2P%3A
proteins was determined through chymotrypsin-coupled assays
(Harding et al., 1989). The purified recombinant proteins in assay buffer
(40 mM HEPES, 0.015% Triton X-100, 150 mM NaCl [pH 7.9]) were
mixed with 37.5 il of 5.6 nM succinyl-Ala-Leu-Pro-Phe-paranitroanilide
(#S8511, Sigma), to generate a 2910-il mixture. This mixture was trans-
ferred into a cuvette before being placed in a UV-Vis spectrophotometer
at 8°C. Each sample was pre-cooled at 8°C before measurement. The re-
actions were initiated by adding 90 il of 50 mg/ml chymotrypsin (#C3142,
Sigma) and monitored by measuring absorbance at 390 nm every second
for 5 min. Rapamycin, an inhibitor of PPlases, was obtained from Sigma
(#V900930).
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